SUS316L stainless steel and commercially pure titanium powders are processed by Mechanical Milling (MM) which is one of Severe Plastic Deformation (SPD) process. These MM powders are sintered by Hot Roll Sintering (HRS) process. Microstructure of materials produced by HRS process consists of a shell and core hybrid microstructure, that is, a shell structure with nano grains and a core structure with workhardened coarse grains. All of the HRS materials demonstrate not only superior strength but also good elongation. The mechanical properties are strongly influenced by the shell/core microstructure. The nano/meso hybrid microstructure by HRS process has been proved to be very effective to improve mechanical properties.
Introduction
Grain refinement is well known to influence the mechanical properties of materials, especially the strength. One of the promising methods for grain refinement is severe plastic deformation (SPD) process, 1, 2) such as high pressure torsion (HPT), 3) equal channeling angular pressing (ECAP), 4, 5) accumulative roll bonding (ARB) 6) and mechanical milling (MM) or alloying (MA). [7] [8] [9] [10] [11] [12] [13] [14] [15] The MM treatment at near room temperature, which is one of SPD-powder metallurgy (SPD-PM) process, gives an extremely large deformation compared with other SPD processes in bulk materials mentioned above, and it easily leads to the nano grain structure with the grain size less than 10 nm in diameter. 12, 13) The materials with a uniform nano grain structure produced by the SPD processes demonstrate very high strength but have limited ductility because of the plastic instability. 16) Whereas, the materials with a heterogeneous microstructure, which is coarse and fine grain mixture, produced by the SPD-PM process exhibits high strength and advanced plastic strain at the same time. 8, 11) In this study, sintering by means of hot rolling, i.e., the hot roll sintering (HRS) process, has proposed as a novel sintering method for fabricating a heterogeneous microstructure material. By this method, a high density compact is able to be fabricated in a short process period. In addition, the HRS process, which is one of the SPD-PM processes, enables one to produce a sintered compact in which the microstructure has been kept finer even after sintering at the elevated temperature.
The present study demonstrates a relationship between the microstructure and mechanical properties of SUS316L stainless steel and pure titanium powder compacts produced by the HRS process.
Experimental Procedure
Mechanical milling of SUS316L powder with average particle size of about 10 or 100 mm in diameter was performed for various periods of time by Simoloyer CM01 horizontal ball milling equipment with an SUS304 stainless steel vial and balls in the Ar atmosphere at room temperature. Table 1 indicates chemical composition of the SUS316L powders. HRS was carried out as follows; The MM powders were provided to vacuum-sealing into a mild steel pipe ( Fig. 1(a) ), then they were hot rolled 5 passes and sintered at 1173 K (Fig. 1(b) ). The final reduction in thickness was 90%. Size of the HRS sheet is approximately 20 mm wide and 1.2 mm thick. Some of the HRS materials were annealed at 1073 K, 1173 K or 1273 K for 1.8 ks, 3.6 ks or 7.2 ks. Subsequently, the mild steel pipe was removed from the HRS material, and the HRS materials were examined by means of the optical microscope (OM), scanning electron microscope (SEM), transmission electron microscope/energy dispersive X-ray spectrometer (TEM/EDS) and tensile test. Thin foil for TEM examination was prepared by using an electropolishing and/or a focused ion beam milling (FIB) method.
In addition, commercially pure Ti powder with average particle size of about 100 mm was also provided to the HRS process. A Fritch P-5 planetary ball mill equipment with tungsten carbide vial and bearing steel balls was used for MM under an Ar atmosphere. Pure titanium pipe was used for vacuum sealing instead of mild steel pipe. The HRS was carried out at 1173 K for the pure Ti powder.
Tensile test was performed on SUS316L and Ti HRS material at initial strain rates of 1:7 Â 10 À3 s À1 and Figure 2 indicates a cross sectional SEM image of the SUS316L MM powder milled for 180 ks. There can be seen a dark area in the vicinity of powder surface and a bright area in the middle of MM powder. We named them as ''Shell'' and ''Core'', respectively. The width of the shell is approximately 10 to 20 mm. The shell thickness depends on the milling time and intensity. 8, 14, 15) Average Vickers hardness of the shell was Hv:460 and that of the core was Hv:422. Figure 3 shows a TEM micrograph of shell/core boundary region obtained from the SUS316L MM powder. Selected area diffraction patterns (SADP) from shell and core are also shown in Fig. 3 . Upper and bottom side of this figure corresponds to the shell and core area, respectively. Nano grains in the shell area are almost equiaxed and their size is approximately 20 nm in diameter. However, pancake grains laying almost perpendicular to the direction of the powder diameter are observed in the shell/core boundary. In the core area, meso grains as a work-hardened structure can be confirmed. Nano grain structure in the shell transforms to a BCC phase by the grain refinement of SPD process. The mechanism of the FCC to BCC transformation can be considered as follows. The grain boundary energy of nano austenitic grains is estimated as approximately 1000 J/mol, when the nano austenite grain size is about 20 nm and the austenite interfacial energy is assumed as 0.9 J/m 2 . 15, 17) In the austenite to ferrite or martensite phase transformation, 200 to 1000 J/mol is required for the driving force 18) so that the nano ferrite grains in the shell presumably formed by the MM process. The shell/core hybrid microstructure formation Each SADP reveals that a shell area consists of BCC structure and a core area close to the shell/core boundary consists of (BCC + FCC) structure.
Results and Discussion

SUS316L HRS material
Enhanced Mechanical Properties of Nano/Meso Hybrid Structure Materials Produced by Hot Roll Sintering Process 91 in the MM powders is able to be controlled by the mechanical milling conditions, such as ball-to-powder weight ratio, powder size, milling time, etc. Figure 4 shows a 3-dimensional OM image of the SUS316L HRS sheet of the MM powder with average particle size of about 10 mm. As shown in the figure, the HRS microstructure composes of two differently etched regions. These dark and bright regions correspond to the shell and core, respectively, and the shell region forms a network structure. The shell network size depends on the powder particle size, i.e., the network size can be controlled by changing the powder particle size. It is noteworthy that the HRS material has a heterogeneous microstructure according to the shell/core microstructure in the MM powder. Figure 5 shows TEM micrographs of the shell and core regions in the SUS316L HRS material. SADPs from the shell (A) and core (B) region are also demonstrated. TEM observation revealed that microstructure of the shell consists of nano grains and that of the core consists of a coarse meso grains. The grain sizes were several tens nm in the shell and several microns in the core, respectively. Especially in case of the SUS316L HRS material, nano grains in the shell of the MM powder were composed of BCC ferrite nano grains which transformed from FCC austenite to BCC at the MM process as shown in Fig. 3 . 14, 15) During the HRS process, although those ferrite nano grains become austenite () ultra fine grains by the reverse transformation, some of the ferrite nano grains become nucleation sites for sigma () phase. When the MM powder is annealed at 700 K, partitioning of Cr and Ni elements occurs and Cr-rich nano ferrite grains forms. 19) Then, phase precipitates at Cr-rich nano ferrite when Mo diffusion takes place above 900 K. 19 ) SADP indicates that a large amount of fine particles are dispersed in Fig. 5 . As illustrated in Fig. 6 , the shell region consists of ( þ ) nano-duplex structure and the core region consists of meso grain structure. Formation of the ( þ ) nano-duplex structure is a very unique phenomenon even in meta-stable austenitic stainless steels such as SUS316L. As shown in Fig. 6 , the control of shell area fraction (S), core grain size (d) and shell network size (N) can form a various nano/meso hybrid microstructure. Figure 7 shows nominal stress-nominal strain curves of the SUS316L HRS materials with various shell area fraction (S) and core grain size (d). Results of conventional materials are also indicated. These HRS materials are consolidated from the MM powder of average particle size of about 10 mm. ''90%C.R.'' and ''Bulk'' indicate results of 90% cold-rolled and solid solution treated bulk specimens, respectively. In HRS materials, the strength increases with increasing shell area fraction (S), and the elongation increases with increasing core grain size (d). Note that the high strength is attributed to the shell area with homogeneously dispersed phase, though it is well known that phase affects mechanical property detrimentally. Figure 8 demonstrates results of tensile tests of the SUS316L HRS materials in various conditions, which are shell area fraction (S), core grain size (d) and shell network size (N). The heat treatments were performed to control the microstructure such as shell volume fraction and core grain size. Shell network size depends on the MM powder particle size so that value of N indicates a particle size as shell network size. In the figure, ''90%H.R.'' indicates a result of 90% hot-rolled bulk specimen. The HRS materials with 10 mm network size have both high ultimate tensile strength (UTS) and high elongation. They show enhanced mechanical properties compared to the conventional materials. Whereas, the HRS materials with 100 mm of N value have poor mechanical properties compared to the conventional materi- als. This is probably because density of these HRS materials is not high enough. Those mechanical properties strongly depend on the microstructure. Strength is attributed to the shell with a nano grain structure, and ductility is attributed to the core with a meso grain structure. In other words, mechanical properties are influenced by microstructure such as shell fraction (S) and core grain size (d).
Figures 9 and 10 indicate the strength (UTS and 0.2% proof stress) and elongation (total and uniform elongation) as a function of the shell fraction (S) and inverse of square root of core grain size (d), respectively, in the HRS materials with N value of 10 mm. The shell area fraction and core grain size are measured from SEM and TEM micrographs. As shown in Fig. 9 , it is obviously that UTS and 0.2% proof stress increases with increasing shell area fraction, while the elongation drops at shell area fraction of approximately 50% or more. These strength and elongation are also strongly influenced by the core grain size, as indicated in Fig. 10 . UTS and 0.2% proof stress obey to Hall-Petch relation, that is, the strength increases with decreasing core grain size. However, the elongation decreases with the core grain refinement. Furthermore, the mechanical properties are also strongly influenced by the shell network size which depends on powder particle size as shown in Fig. 8 . Finer shell network microstructure indicated superior strength and elongation. In the mechanical property of nano/meso hybrid microstructure, it is very significant that controlling shell fraction (S), network size (N) and core grain size (d). 
Pure titanium HRS material
The microstructural features of the HRS materials were observed not only in the SUS316L HRS material but also in a pure Ti HRS material. Figure 11 shows SEM micrograph of the cross section in the pure Ti powder milled for 90 ks. This powder consists of two regions, i.e., shell and core. The shell, approximately 10 to 20 mm wide, has a severe plastic deformed structure and the core has a conventional work hardened structure. Figure 12 demonstrates a TEM micrograph of the shell area of the pure Ti powder milled for 90 ks. In Fig. 12 , equiaxed nano grain structure with approximately 50 to 100 nm in diameter is observed between from the powder surface to about 10 mm. Elongated grain structure with the wide of approximately 100 nm is seen in about more than 10 mm. In the nano grain refinement of pure Ti material, the nano grain is formed from the nano layered structure. [13] [14] [15] Figure 12 reveals that the shell as shown in Fig. 11 consists of nano grain structure. From Figs. 11 and 12 , it is shown that the Ti MM powder has shell and core structure with nano and meso grain structure, respectively. Such a MM powder with nano grain structure in the shell is consolidated by the HRS process. Figure 13 shows a TEM micrograph of a part of the shell/ core hybrid microstructure in the pure Ti HRS material. The TEM thin foil was prepared by FIB method. A white dashed line indicates a boundary of the shell and core area. The shell area has an ultra fine grain with about 200 to 500 nm in diameter. Such a shell region is formed in surroundings of the core region with the meso grain structure. The pure Ti HRS material has the nano/meso hybrid microstructure as well as the SUS316L HRS material. Figure 14 demonstrates nominal stress-nominal strain curves of pure Ti HRS materials with various MM condition. The HRS materials at each MM time demonstrate enhanced mechanical properties compared to the conventional pure Ti materials, marked as ''Bulk'' and ''90%C.R.''. Superior mechanical properties are decided by the hybrid microstructure with the two regions of nano and meso grain structure. The strength of MM 90 ks is lower than that of MM 36 ks shown in Fig. 14 . This result reveals that the strength does not depend on only the milling time because the hybrid microstructure is a complex structure. The MM and HRS process are also very effective for improving mechanical properties of Ti material.
As mentioned above, enhanced mechanical properties are Enhanced Mechanical Properties of Nano/Meso Hybrid Structure Materials Produced by Hot Roll Sintering Processobtained in both SUS316L and pure Ti materials produced by MM/HRS process. Such superior mechanical properties are attributed to the nano/meso hybrid microstructure, which constitute a shell area with nano grain structure and a core area with meso grain structure. For instance, Oh-ishi et al.
reported that a bimodal structure consisting of fine and coarse grained region demonstrated high strength and high plastic strain in Fe-C alloy. 11) Therefore, it is possible that other metal materials with the nano/meso hybrid structure also indicate enhanced mechanical properties.
Conclusion
Mechanically milled SUS316L stainless steel and pure titanium powders were sintered by the hot roll sintering (HRS) process, which is one of the SPD-PM processes. The conclusions are as follows;
(1) The materials fabricated by the HRS process consist of a shell and core hybrid microstructure, that is, a shell structure with nano grains and a core structure with coarse meso grains. (2) In the SUS316L HRS material, shell area is composed of an (austenite + sigma) nano duplex structure for a specific phase transformation occurred by the SPD-PM process, and core area is composed of meso austenite grain structure. In the pure Ti HRS material, shell and core area are composed of nano grain and meso grain structure, respectively. (3) The shell region takes charge of high strength and the core region takes charge of high ductility. Thus, mechanical properties of the HRS materials are strongly influenced by microstructure such as the shell area fraction and the core grain size. (4) The HRS materials demonstrate not only superior strength but also enough elongation. The shell and core nano/meso hybrid microstructure created by the HRS process has been proved to be very effective to improve the mechanical properties.
